Abstract. During phase transformation of steels, when stress is applied, significant large strain can be observed even though the applied stress is smaller than their yield stresses. This phenomenon is called Transformation Plasticity or TRansformation Induced Plasticity (TRIP). Transformation plasticity is known to play an important role during steel producing processes. Although its importance, the phenomenon is not fully understood because of complicated coupled effect of metallurgical, thermal and mechanical behaviour during phase transformation. There are several explanations which account for the phenomenon. Among those, Greenwood-Johnson effect appears to be appropriate explanation especially for diffusive phase transformation. According to Greenwood-Johnson effect, volume change during phase transformation causes locally heterogeneous stress variation and it results in the macroscopic strain together with small applied stress. Along with the notion, Leblond et. al. developed an analytical model which describes well the phenomenon of transformation plasticity. On the other hand, the authors have developed a micromechanical model of polycrystalline materials using discrete FFT (Fast Fourier Transform) method with diffusive phase transformation. In this study, volume expansion along with phase transformation (Greenwood-Johnson effect) is taken into account in the model in order to evaluate the transformation plasticity and micromechanical behaviour during phase transformation. The results by FFT confirm linear relation between applied stress and transformation plastic strain, only if the applied stress does not exceed a half the value of yield stress of the parent phase. In contrast, if applied stress is relatively large (more than half of yield stress of weaker phase), the linear relation is never satisfied. The numerical results are compared with those of experimental and of Leblond model. Furthermore, pre-deformation (deformation just before phase transformation) effect on transformation plasticity is investigated. As a first step, uniaxial tensile followed by phase transformation simulation is carried out. Back stress develops in the course of tensile process and thus the material will be macroscopically anisotropic. It is found that the pre-deformation causes anisotropic dilatation during phase transformation. The mechanism of this anisotropic dilatation will be discussed in the micromechanical point of view.
Introduction
During phase transformation of steels, when stress is applied, significant large strain can be observed even though the applied stress is smaller than their yield stresses. This phenomenon is called Transformation Plasticity or TRansformation Induced Plasticity (TRIP). Transformation plasticity is known to play an important role during steel producing processes. For example, during the cooling process in Run-Out- Table ( ROT) in hot strip mills (HSM), transformation causes shape defects or residual stresses. ROT is a typical equipment where transformation plasticity plays important role, as tensile stress is imposed during cooling and thus during phase transformation. Although its importance, the phenomenon is not fully understood because the mechanism is considered to be a complicated coupled effect of metallurgical, thermal and mechanical behaviour during phase transformation. There are several explanations which account for the phenomenon. Among those, Greenwood-Johnson effect [1] appears to be appropriate explanation especially for diffusive phase transformation. According to Greenwood-Johnson effect, volume change during phase transformation causes locally heterogeneous stress variation especially on parent phase and in order to accommodate the strain difference between two phases, it results in the plastic deformation of parent phase and eventual macroscopic strain together with small applied stress. Along with the notion, Leblond et al. developed an analytical model which appears to describe well the phenomenon of transformation plasticity. On the other hand, the authors have developed a micromechanical model of polycrystalline materials using discrete FFT (Fast Fourier Transformation) method [2] with taking into account the volume change by diffusive phase transformation. The numerical results will be compared with those of experimental and of Leblond's [3] model. The effect of pre-deformation (deformation just before phase transformation) will be also treated in this paper, for ROT is often equipped right after rolling mills, and hence the deformation by rolling may affect subsequent phase transformation.
Governing Equations
The local strain can be divided into average and fluctuation terms. When we assume periodic boundary conditions, the fluctuation term will be periodic as well. In this case, the local problem can be solved efficiently by FFT [2] . This numerical scheme has been re ealed to be m ch more efficient than other methods li e in terms of comp tational cost or elasto-plastic materials the incremental constit ti e relation can be th s transformed sin polarisation tensor such that
where, ε is total strain rate, ε p is plastic strain tensor, ε m is transformation strain and C and C 0 are elastic stiffness tensors of local and homogeneous reference media respectively. This method makes use of the equivalence between a heterogeneous elastic problem and a homogeneous one with polarisation tensor. Plastic strain is a result of dislocations on slip planes. The slip occurs for certain directions on certain surfaces. These combinations of the direction and the surfaces are called slip system. There are certain numbers of slip systems depending on the crystal lattice, where slip occurs easily in comparison with other combinations of directions and surfaces. Let γ α the slip rate of α slip system, then the plastic strain rate can be determined by the summation of slip rates on all slip systems, such that:
where, p α is a Schmid tensor of α slip system which is defined as follows
where, s α and m α are slip direction and slip surface of α slip system respectively. The slip system activates when the resolved shear stress equates CRSS (Critical Resolved Shear Stress):
where, τ α is resolved shear stress and g α is CRSS. During elasto-plastic deformation, the Eq. 4 is satisfied. In other words, stress increases according to the hardening of each slip system. Toward this kind of rate-independent problem, Hutchinson [4] proposed the solution of finding slip rate of each slip system as follows.
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During elasto-plastic deformation, the resolved shear stress and CRSS equate each other. This means that the rates of those values also conforms the relation:
(5) For the small deformation problems, Eq. 5 is able to rewritten as:
with hardening law:
In this study, diffusive transformation is considered. At the beginning of the calculation, several new phase seeds are randomly distributed throughout the calculation region. After the germination, the new grains start to grow isotropically with time. For the sake of simplicity, an intermediate zone, where volume fraction of new phase ξ takes values between 0 and 1, is considered [5] . Within this zone, transformation strain can be expressed as follows
where, β is a coefficient of transformation expansion and ξ is volume fraction of daughter phase.
Simulation of Transformation Plasticity
Simulations have been done with 100 new grain seeds out of 100 parent phase grains of polycrystalline materials within 643 voxels cubic space. The initial orientation of each grain has been set randomly, whereas the daughter phase grains take orientations according to Kurdjumov-Sachs relation [6] . The sample images of initial state and under phase transformation are depicted in Fig. 1 . The materials component is equivalent to that of 0.45 wt% carbon steel at about 600 o C; the macroscopic stress strain curves of these two phases are shown in Fig. 2 . The parent phase is Austenite (f.c.c.) and the daughter phase is Ferrite (b.c.c.). The transformation strain value is set to be β=0.001536. The calculations are carried out from 100 % parent phase state ξ=0 until 100 % daughter phase state ξ=1. During phase transformation, local stress and strain are calculated at the all points with periodic boundary condition. The average strain is also calculated which represents the macroscopic strain evolution (transformation plastic strain) during phase transformation. Transformation plastic strain can be calculated by subtracting transformation and elastic strain from total strain. From Fig. 3 , one can confirm the linear relationship between applied stress and transformation plastic strain under relatively small stresses. According to these simulation results, there is no significant difference of transformation plasticity between tensile and compressive stresses. The proportional constant under small applied stresses is K P =2 2×10 -5 MPa -1 by Fig. 3 (transformation plastic coefficient). In contrast, for large applied stress, this proportionality does not hold. This phenomenon has also been confirmed by several experimental works [1] [7] . It is said that the threshold stress under which the linear relation holds is about a half the value of yield stress of parent phase. From the macroscopic reaction in Fig. 2 , the yield stress of Austenite phase is about 123 MPa. In this case, the threshold stress is 61.5 MPa. This is in good agreement with numerical results (see Fig. 3 (b) ). According to Greenwood-Johnson mechanism, some analytic models have ever been suggested. One of those is a model by Leblond [3] :
where σ 1 y is a yield stress of parent phase. This model estimates transformation plastic coefficient as follows.
where σ is applied uniaxial stress. It reads K P =2.5×10 -5 MPa -1 when β=0.001536 and σ 1 y =123 MPa, which appears to be quantitative agreement with the result by FFT numerical solution. Another analytical model have been given by Taleb et al. [8] , a modified model of Leblond's one eliminating the hypothesis that entire phase is subject to plastic deformation, i.e. certain proportion of parent phase remains elastic, such that
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with,
Taleb's model may acc rate at the be innin of the phase transformation beca se at the beginning, the daughter phase particles are not as large enough as to induce plastic strain in entire region of parent phase. Both models neglect the plastic deformation of daughter phase. Thus it can be predicted that Leblond's model o erestimates transformation plastic strain at the beginning of phase transformation, whereas both Leblond's and Taleb's models nderestimate at the end of phase transformation beca se of the neglect of plastic strain of daughter phase. In addition to that both Leblond's and Taleb's models ha e linear relation between applied stress and transformation plastic strain. Hence, these models are valid only when the applied stress is smaller than the threshold value. In order to conquer these problems, the authors developed a new model which takes into account the plastic strain of daughter phase and nonlinear relation under relatively large applied stress. The model consists of plastic strains of parent phase and daughter phase, such that 
where σ eq is equivalent stress of applied stress. 
where elastic components are those of daughter phase. Now, let us compare all the evolution of transformation plastic strains calculated by 4 different models; FFT, Leblond, Taleb and the new model proposed above. The comparisons of those models are shown in i 4 Leblond's model o erestimates at the be innin of phase transformation whereas underestimates at the end; the overestimation compensate the underestimation and final value coincide well with those of T In contrast Taleb's model a rees well with T calc lation res lts at the be innin Howe er as Taleb's model does not ta e the plastic deformation of da hter phase into account, the underestimation at the end of phase transformation remains in the end. As the experience and the results of FFT indicate, the linear models are not capable to estimate the transformation plasticity for above 61.5 MPa applied stress. In contrast to the existing models, the new model appears to estimate well not only small applied stresses but also large applied stresses. Furthermore, the new model follows also the trajectory of evolution of transformation plastic strain calculated by FFT numerical model.
Consequently, the new model successfully reproduced the FFT calculated results not only for small applied stresses but also large applied stresses. 
Anisotropic transformation strain
In the industrial point of view, transformation is often occurred after mechanical forming. In this context, the effect of plastic deformation on subsequent phase transformation should be analysed. As an example of pre-hardening effect, let us introduce uniaxial tension followed by phase transformation. The model discussed above does not manifest any Bauschinger. So, now we introduce back stress effect on each slip system, such that
where τ *α is effective resolved shear stress and a α is bac stress al e on the α slip system Now let a α be Armstrong-Frederick type back stress model [9] , such that:
where C 1 and C 2 are material constants. For the purpose of examining the back stress effect on transformation plasticity, pre-hardening to z direction calculations (up to 10 % strain for tensile case and -10 % for compressive case) followed by phase transformation under several applied stresses are carried out in a 64 3 voxels cubic space with each of 100 grains of Austenitic Ferritic phases. The sequence of this procedure is depicted in Fig. 5 . In the case of free dilation condition, the calculated total strain arisen during phase transformation (transformation strain) is shown in Fig. 6 . . This means that the anisotropic strain during phase transformation is caused by plastic deformation. The explication of this remarkable phenomenon can be given as follows. During pre-hardening process, the centre of yield surface moves toward the loading direction, and thus material gets hardened for the loading direction. When loading is terminated at the given strain value, applied stress is controlled to be zero and phase transformation starts. During phase transformation, plastic strain occurs mainly in parent phase in order to accommodate the volume difference between parent and daughter phases. If the material is totally isotropic, this plastic strain is cancelled overall the specimen. Though, if the material is anisotropic, the plastic strain will not be cancelled. For the present case, due to the hardness for z direction, parent phase of x and y directions preferably deform during phase transformation and it causes macroscopic anisotropic deformation and even negative strain for z direction. This phenomenon can also be found in the experimental works by Taleb et al. [10] . They have performed the pre-hardening followed by transformation plasticity observation. And they observed the similar experimental results. The authors believe that the experimental results can be explained by back stress effect and anisotropic transformation strain. Successive strains during phase transformation after pre-hardening are calculated; each direction of the strain is shown in Fig. 7 . (e) z-direction strain (tension) (f) z-direction strain (compression) Fig. 7 Transformation plastic strain for pre-tensioned material.
Above explanation is also valid for the pre-compressed case. To confirm this, -10% pre-compressed followed by phase transformation calculations are carried out. The calculated results of free dilatation are shown in Fig. 8 . It is evident that the total strain in z direction is larger than those of other directions even though the local transformation strain is always isotropic. Again, the total volume change remains the same value with that of non-hardening condition. (e) z-direction strain (tension) (f) z-direction strain (compression) Fig. 9 Transformation plastic strain for pre-compressed material.
The strains are calculated under several applied constant stresses after pre-compression. The results are shown in Fig. 9 . These figures confirm the mechanism which is given above. The strain for z direction is uniquely large and those of other directions are comparatively smaller. Together with the results in Fig. 7 and Fig. 9 , the final values of transformation plastic strains are plotted as a function of applied stress in Fig. 10 . For small applied stresses (smaller than 60 MPa), the proportional factors (transformation plastic coefficients) of each case can be calculated as follows.
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Pre-tension :
Pre-compression:
The s perscript of "+" represents the case nder positi e constant applied stress d rin phase transformation and "-" represents the case nder ne ati e applied stress Contrary to the ir in material, apparently the mechanical deformation before phase transformation affects the transformation plasticity. One can also confirm the significant difference in transformation plasticity between positive and negative applied stress. The pre-tension, comparing to virgin material, causes smaller transformation plastic strain for the applied stress direction, and decreases transformation plastic coefficient under negative applied stress. For pre-compression condition, the transformation plastic strain for the direction of applied stress increase, and the transformation plasticity coefficient under positive applied stress decreases.
Summary
A micromechanical model using discrete FFT has been developed. This numerical scheme is revealed to be efficient and accurate for calculating transformation plasticity arising from Greenwood-Johnson mechanism. The computational results have been compared with two analytical models; one is a model by Leblond and the other is by Taleb Comparin to T res lts Leblond's model overestimates transformation plasticity at the beginning of phase transformation, but nderestimates at the latter period Taleb's model corresponds well with FFT at the beginning, but nderestimates at the latter period The Leblond's nderestimation at the be innin deri es from the hypothesis that whole the region of parent phase is plastic. The underestimation of both models at the end of phase transformation comes from the neglect of plastic deformation of daughter phase. Those analytical models are not applicable for large applied stress conditions; empirically a half the value of yield stress of parent phase. In order to ameliorate these points, a new model has been developed, which considers plastic deformation of daughter phase and allows also to apply for large applied stress. The new model successfully reproduced all the evolution of transformation plasticity by FFT. The effect of mechanical deformation right before phase transformation on transformation plasticity has been investigated by considering back stress on each slip system. The transformation plastic strain, along with transformation strain, decreases toward the pre-tensioned direction. In this case, the transformation plastic coefficient is larger under positive applied constant stresses than those under negative stresses. Inversely, when pre-deformation is compressive, transformation plastic strain and transformation strain will increase. In this case, the transformation plastic coefficient is smaller under positive applied constant stresses than those under negative stresses.
